ABSTRACT: A temperature-dependent linear solvation energy relationship (LSER) is proposed for estimating the gas-to-ionic liquid partition coefficients. The model calculates the LSER parameters using a group contribution method. Large sets of partition coefficients were analyzed using the Abraham solvation parameter model to determine the contributions of 21 groups: 12 groups characterizing the cations and 9 groups for the anions. The derived equations correlate the experimental gas-to-ionic liquid coefficient data to within 0.13 log units. The 21 group parameters are used to predict the partition coefficients of solutes in alkyl or functionalized ionic liquids with good accuracy.
' INTRODUCTION
Ionic liquids (IL) have been widely promoted as interesting substitutes for traditional industrial solvents such as volatile organic compounds. Much of the interest in ionic liquids is based on their physicochemical properties: good thermal stability, low vapor pressure, and high ionic conductivity properties. Presently, there are more than 1000 different ILs commercially available, but it has been shown that there are >10 14 possible combinations. 1 The thermodynamic properties may be adjusted by the choice of the anion and of the R groups grafted in the different cations (see Figure 1) . Therefore, the possibility exists to functionalize the IL for a specific application by stepwise tuning the relevant solvent properties.
Nowadays, ILs are emerging as alternative green solvents, that is, as alternative reaction media for synthesis, catalysis, and biocatalysis, but also as electrolytes, lubricants, or modifiers of mobile and stationary phases in the separation sciences. 2À6 Numerous works have been devoted to a large range of applications of ILs, but the basic understanding of their structureÀproperty relationships has been neglected. Only few studies have examined the relationships between the structures of ILs and their fundamental properties. 7À15 Recently, quantitative structureÀproperty relationship (QSPR) correlations were proposed to estimate the surface tension of ionic liquids using only information on the molecular volumes. 16 The QSPR and quantitative structureÀactivity relationship (QSAR) approaches were used to predict values of activity coefficients at infinite dilution in different IL solvents. 17, 18 Thermodynamic properties of dialkyl-imidazolium based ILs are relatively well-described in the literature. 19À25 Recently, functionalized ILs such as ether-or cyano-functionalized ILs were studied by gas chromatography. 26, 27 A systematic study of interaction between organic compounds and ILs was performed using a solvation model. This study continues our application of the linear solvation energy relationship (LSER) model to describe the interaction between dissolved organic solutes and the IL solvent.
In the early 1990s, Abraham et al. 28À31 developed the LSER model to quantify intermolecular solute-stationary phase interactions for chromatographic processes. This method allows one to correlate the thermodynamic properties governing solute phase transfer processes related to the Gibbs energy such as the chromatographic retention volume and gas-to-liquid partition coefficients. The most recent representation of the LSER model is given by eq 1
The capital letters represent the solute properties and the lower case letters the complementary properties of the ILs. The solute descriptors are the excess molar refraction E, dipolarity/ polarizability S, hydrogen bond acidity and basicity, A and B, respectively, and the logarithm of the gasÀliquid partition coefficient on n-hexadecane at 298 K, L. Solute descriptors of about 4000 compounds were measured using the experimental procedure or calculated using the group contribution model.
28À34
The coefficients c, e, s, a, b, and l (or v in the case of solute transfer between two condensed phases) are not simply fitting coefficients, but they reflect complementary properties of the solvent phase. The c term is the model constant. The system constants are identified as the opposing contributions of cavity formation and dispersion interactions, l (or v), the contribution from interactions with lone pair electrons, e, the contribution from dipole-type interactions, s, the contribution from the hydrogenbond basicity of the stationary phase (because a basic phase will interact with an acid solute), a, and b, the contribution from the hydrogen-bond acidity of the stationary phase. Acree and
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ARTICLE co-workers reported mathematical correlations based on Abraham's solvation model for the gas-to-IL, K L , and water-to-IL, P, partition coefficients. 35, 36 Sprunger et al. 37À40 modified Abraham's solvation model by rewriting each of the six solvent equation coefficients as a summation of their respective cation and anion contribution:
Equation coefficients for 10 cations and 8 anions were determined using a database that contained 976 experimental log K L and 955 experimental log P values. 40 In Sprunger's approach, the major advantage of splitting the equation coefficients into individual cation-specific and anion-specific contributions is that one can make predictions for more ILs. Most of the cations are dialkylimidazolium. The use of this model is somewhat limited since it cannot be extrapolated to dialkylimidazolium ILs not initially defined by the method (e.g., with long alkyl chains).
Recently, we proposed to split the cation with its alkyl chains in different contributions: (CH 3 , CH 2 , N, CH cyclic , etc.). The aim of this work was to develop a group contribution method to estimate the log K L of organic compounds in ILs at 298 K. Using the LSER model proposed by Abraham, the group contribution method (GC-LSER) 41 which expresses LSER coefficients c i ,
, and l i of eq 3 is given by:
where n i is the number of groups i present in the IL. The group contribution model coupled to LSER (GC-LSER) enables one to predict with good accuracy log K L and log P at 298 K of not only alkyl based ILs but also task-specific ILs. The parameters of the group contribution methods were determined for imidazolium, pyridinium, pyrrolidinium, phosphonium, ammonium, and sulphonium based ILs containing several different anions. A comparison between the experimental and calculated values showed that the proposed model describes the available experimental data with a mean absolute error of about 0.15 log units. The predictive power of the GC-LSER was evaluated by the calculation of log K L of ILs not contained in our database. Results obtained with both short and long alkyl chain dialkylimidazolium-based ILs, such as 1-ethyl-3-methylimidazolium 42 and 1-hexadecyl-3-methylimidazolium tetrafluoroborate, 43 as well as task-specific ILs like 1-ethanol-3-methylimidazolium hexafluorophosphate 13 indicated that the GC-LSER is a useful tool to predict the gas-to-IL partition coefficient at 298 K.
In this article, we extend the GC-LSER (eq 3) to enable the model to correlate gas-to-IL partition coefficient data measured at different temperatures by a single correlation equation. This new temperature-dependent GC-LSER (TDGC-LSER) is given by the following expression:
Mintz et al. 44 and Sprunger et al. 45 suggested a slightly different temperature dependence of log K L for the general Abraham model LSER when describing the partitioning of organic vapors and gases into humic acid and into polyurethane foams. They used the following equation:
which separates each equation coefficient into a temperatureindependent term and a temperature-dependent term. The method proposed here expresses each general equation coefficient in terms of a temperature-dependent term and as a result contains only half the number of curve-fit regression coefficients.
' METHODOLOGY
The experimental data used to calculate Abraham's model functional group-and anion-specific equation coefficients were taken from the collection of Sprunger and co-workers 40 and were updated with recent experimental data. 46À54 A total of 6990 gasto-IL partition coefficients measured in a temperature range from (293 to 396) K was used for the calculation. Solutes were mainly n-alkanes, cycloalkanes, alkenes, alkynes, aromatics, alcohols, ethers, aldehydes, ketones, and chloroalkanes. The E-scale varies from 0 to 1.5, the S-scale from 0 to 1.72, the A-scale from 0 to 1.04, the B-scale from 0 to 1.28, the L-scale from À1.200 to 7.833, and the V-scale from 0.109 to 1.799. The list of ILs used for the correlations is given in Table 1 . The data set contains 29 imidazolium-, 3 ammonium-, 6 pyridinium-, 4 pyrrolidinium-, 1 sulphonium-, and 1 phosphonium-based ILs.
Partition coefficients K L are calculated from the experimental activity coefficients at infinite dilution, γ 1,2 ∞ , using the following equation:
In eq 6, R is the gas constant, T is the system temperature, P 1 0 is the vapor pressure of the solute at T, and V solvent is the molar volume of the solvent. The 21 groups which are defined in this study are listed in Table 2 . The decomposition into groups of the ILs is as simple as possible. In Figure 1 are represented all ILs studied in this work. Five groups are defined to describe the chains R 1 , R 2 , R 3 , and R 4 grafted on the cations: CH 3 À , methoxyethylsulfate. Partition coefficients of dicyanamide, FAP, or cyano-based ILs may be also found in the literature, but these groups were not considered at the present due to a small number of experimental values.
Once the decomposition has been done, the matrices required to determine the LSER parameters of each group are built using the solute descriptors E, S, A, B, and L weighted by the number of groups present in each IL.
The values are arranged in a 126 column Â 6990 row matrix (log K L ). The group parameters have been determined to minimize the deviations between calculated and experimental log K L data.
' RESULTS AND DISCUSSION TDGC-LSER Correlation. The database contains 42 ILs having imidazolium, pyridinium, ammonium, pyrrolidinium, sulphonium, and phosphonium cations. The ILs are decomposed so that the model may be used as a purely predictive model. The , and l i needed in eq 4 are given in Table 3 . Plots of calculated values of log K L based on eq 4 against the observed values are presented in Figure 2 . The standard errors in the coefficients are given in parentheses directly below the respective values. Larger standard Journal of Chemical & Engineering Data ARTICLE errors are observed with groups for which experimental data is limited. Regression analyses were performed using Minitab software. The correlation is statistically very good and describes an experimental log K L database that covers a 12.6 log unit range to within standard deviations of 0.130 log units. The distribution of the residuals is given in Figure 3 . Residuals have been calculated as the difference between the observed and the calculated of the logarithm of the gas-to-IL partition coefficient. It can be seen that about 65 % of the residuals are lower than 0.1 log units, 89 % lower than 0.2 log units, and 96 % lower than 0.3 log units. It is important to note that the model is probably limited in prediction for sulphonium-and phosphonium-based ILs because the data set of log K L is relatively poor. Few experimental measurements are not well-represented by the correlations. An examination of the residuals and visual analysis of Table 4 shows few outliers. It may be observed that 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide and 1-hexyl-3-methylimidazolium tetrafluoroborate present a larger mean absolute error (about 0.30). Concerning 1-propyl-2.3-dimethylimidazolium tetrafluoroborate, this large deviation seems to indicate that these measurements are spurious. Results obtained from this research group for 1-butyl-3-methylimidazolium tetrafluoroborate were found to be in significant disagreement with experimental literature values reported by other research groups. In Table 4 , the average error on the prediction of activity coefficients at infinite dilution, γ ∞ , is also reported. In most cases, the γ ∞ values for a series of organic compounds in an IL are estimated with an accuracy of about 10 to 20 %. Low γ ∞ values are usually well-estimated using the TDGC-LSER model. Important deviations are observed for high activity coefficient values. This is particularly the case of data of apolar compounds in ILs with a short alkyl chain length. For example, the measured activity coefficient at infinite dilution of decane in 1-ethyl-3-methylimidazolium ethylsulfate is equal to 504 at 301 K, while the estimated values by the GC-LSER model is 805.
Results obtained show that the temperature-dependent LSER model coupled to a group contribution method may be applied to represent partition coefficients.
Prediction of Partition Coefficients of Organic Compounds in ILs Not Included in the Database Using the TDGC-LSER Model. To evaluate the predictive power of the TDGC-LSER, 380 partition coefficients of organic compounds in five ILs not included in the regression analysis database were calculated: 1-methyl-3-octylimidazolium hexafluorophosphate, 1-ethyl-3-methylimidazolium trifluoromethylsulfonate, 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate, trioctylmethylammonium bis(trifluoromethylsulfonyl)imide, and trimethylhexylmethylammonium bis(trifluoromethylsulfonyl)imide. Experimental data and calculated values at a given temperature for each IL are summarized in Table 5 .
For 1-ethyl-3-methylimidazolium trifluoromethylsulfonate, 72 experimental values of log K L are predicted using the GC-LSER approach with a mean absolute error on log K L of 0.09. In most cases, estimated values of log K L are underestimated. A study of results indicated that light hydrocarbons show larger deviations. These log K L were determined using gas chromatography. In gas chromatography, it is well-known that light hydrocarbons are prime candidates to adsorption, in which case the partition coefficient may be over-or underestimated. For 1-methyl-3-octylimidazolium hexafluorophosphate, 72 experimental values of log K L are predicted with a mean absolute error on log K L of 0.18. Results obtained at 313.15 K are listed in Table 5 . These data are not particularly well-represented using the TDGC-LSER. In general, partition coefficients are underestimated. The model was also evaluated for functionalized ILs. A total of 110 partition coefficients in 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate was predicted using eq 5 with a deviation of 0.27 log units on log K L . This large deviation may be explained by the small number of data containing the hydroxyl group.
Data containing 236 log K L of organic compounds in two ammonium-based ILs were also estimated. Deviations of 0.09 log units were found for trioctylmethylammonium bis(trifluoromethylsulfonyl)imide and 0.20 log units for trimethylhexylmethylammonium Table 5 indicate that estimated thermodynamic properties are in good agreement with experimental data. In the case of trimethylhexylmethylammonium bis(trifluoromethylsulfonyl)imide, larger deviation are observed with n-alkanes, compounds not soluble in this IL.
Results obtained on the prediction of log K L of organic compounds in these ILs show that GC-LSER model may be used with good accuracy.
' CONCLUSIONS
A temperature-dependent group contribution model coupled to LSER (TDGC-LSER) for estimating the gas-to-ILs partition coefficients was proposed. The TDGC-LSER model allows one to predict with good accuracy log K L of not only alkyl-based ILs but also functionalized ILs. The parameters of the group contribution method were determined for imidazolium-, pyridinium-, pyrrolidinium-, phosphonium-, ammonium-, and sulphonium-based ILs containing several different anions. A comparison between the experimental and calculated values showed that the proposed model describes the available experimental data to within a mean absolute error of about 0.13 log units. Significantly more experimental data will need to be measured to increase the predictive power of the model. 
